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This dissertation introduces scanning probe microscopy (SPM) and de-
scribes the construction and design of a home built low temperature magnetic
force microscope (MFM). Then the magnetic coatings on atomic force mi-
croscope cantilevers with a focused ion beam (FIB) will be explained. This
technique allows the convenient deposition of complex or expensive materi-
als such as CoCrPt. With the MFM tip coated by FIB, the ferromagnetic
domain structure of a La0.67Ca0.33MnO3 film is studied as a function of an
in-plane magnetic field below room temperature. Next I will discuss the use
of chemically-synthesized FePt nanocrystals as a good candidate for high den-
sity storage media. This nanocrystal film showed sintering problems during
the annealing process, which is essential to make FePt a hard ferromagnet.
A silica overcoating method was used to prevent nanocrystal sintering, which
allowed the MFM study of films made from these nanocrystals. I will also
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Chapter 1
Introduction to Scanning Probe Microscopy
Scanning probe microscopy (SPM) is a technique that studies the sur-
face structure of specimen using a probe. The specimen or the probe is moved
in a raster scan, line by line, while the probe-surface interaction is recorded
as a function of position. Scanning tunneling microscopy (STM) was invented
by Binnig et. al. in 1982 [1] as the first type of SPM. In STM, the probe is
sharp metallic tip and the tunneling current between the tip and a metallic
sample is measured. After the introduction of the STM, many scanning probe
microscopes were developed to detect van der Waals force [2], magnetic force
[3], electrostatic force [4], etc. between tip and surface.
1.1 Atomic Force Microscopy
MFM is based on another SPM, namely the atomic force microscope
(AFM). In AFM, a tip measures van der Waals forces from a sample. The tip
is attached at the end of a cantilever with a spring constant cL. When the tip
detects a force, F from a sample, the cantilever will deflect by the amount of
F/cL. The deflection of a cantilever is measured by a delicate sensor and is used
for acquiring topography of a sample. There are many modes of measuring
1
topography of a sample in AFM.
Figure 1.1: Van der Waals force and AFM Scanning modes.
The simplest way to get the topography of a sample is Contact mode.
In this mode, a tip will be located in the repulsive force region as shown in Fig.
1.1. The amount of deflection of a cantilever is proportional to the repulsive
force. The tip sample distance and the repulsive force are maintained at a
constant vlaue by feedback control, adjusting the deflection of a cantilever
to a fixed value. So a small area of raster scan with feedback control will
produce the topography of a specimen. In vacuum or atmosphere, the sample
is covered by an adsorbed gas layer mostly formed from water vapor. When
a tip is close to sample, the meniscus spans and connects tip and surface,
resulting in attractive meniscus force. Some sample may trap electrostatic
charge contributing to additional substantial attractive forces between tip and
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surface. All these forces combine and define a minimum normal force. As the
tip scans over the surface, a frictional force arises due to this minimum normal
force. The frictional force causes tip damage and topographic data distortion.
The non-contact mode was developed to overcome the problem induced
from the frictional force and the meniscus force. In this mode a tip scans
in the attractive van der Waals forces region. Since the attractive van der
Waals forces are weaker than the forces in Contact mode, a lock-in technique
is used to detect such small forces. A tip is oscillated and then the change
in oscillation amplitude, phase or frequency is measured for feedback control
to get topography. To achieve higher resolution, the tip is located in the
van der Waals force gradient region ( 5 ∼ 15 nm), as shown in Fig. 1.1. In
atmosphere, the meniscus layer is generally thicker than the region of the van
der Waals force gradient so that the imaging with non-contact mode is seldom
possible. In UHV this method is useful since the contaminant layer is thin or
nonexistant.
Tapping mode is mostly used to acquire topography in AFM. In this
mode the tip is oscillated with a larger amplitude than the Non-contact mode,
usually greater than 20nm, so that it taps the surface. This mode is also called
as Intermittent Contact Mode (Fig. 1.1). The cantilever oscillation amplitude
is maintained at a fixed value by a feedback control. The amplitude of the
cantilever’s oscillation is large enough to overcome the tip-sample adhesion
force. This also prevents the tip from sticking to the surface and causing
sample damage. Since the tip oscillates vertically, frictional force does not
3
cause a problem in Tapping mode. As shown in Fig. 1.1, the operating range
is large and linear so the feedback system is stable.
1.2 Magnetic Force Microscopy
MFM was first demonstrated by Martin et al.[3] by imaging magnetic
fields using a magnetized tip with 100nm resolution. In MFM, the tip is coated
with magnetic material to sense a stray magnetic field from the surface. Mag-
netic interactions are weak but long-range compared to van der Waals forces,
so that the magnetic interaction is dominant above tens of nanometers in
tip-sample height. In MFM a two-pass method is used to minimize of the in-
fluence of topography. In the first pass the topography is obtained by Contact
or Tapping mode. In the second pass the tip is lifted to a selected distance and
the distance between tip and the obtained topography is maintained constant.
MFM image is taken in the second pass scan. The magnetic interaction energy





where Mtip(r) is magnetic moment of the tip, and B(r) is the stray
field from the sample. Many simulations of Mtip(r) have been published to
calculate MFM images quantitatively.[5] [6] [7] But dipole magnetic moment
approximation is simple and applicable in most case as described in appendix
B. With this approximation, The MFM tip moment is considered as a point
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dipole moment meff with only z component. So the Eqn. 1.1 can be simplified
as
U = −meff ·B = −mz ·Bz (1.2)
Therefore magnetic force is
F = −∆U = ∂Bz
∂z
ẑ (1.3)
In these days the magnetic force (gradient) can be detected assuming a
harmonic oscillator model. The cantilever is driven near its resonant frequency.
When the cantilever feels a force gradient (∂F/∂z), the effective spring constant
(ceff ) changes as following approximation:








An attractive force gradient softens the cantilever while a repulsive
force gradient makes the cantilever stiffer. From the simple harmonic oscillator


























Since the ∂F/∂z (10−6 ∼ 10−3 N/m) is usually smaller than cL (0.1 ∼
5 N/m), using Taylor expansion, the equation becomes:






To detect the frequency shift, “slope detection” [8] and frequency mod-
ulation (FM) techniques are used. In slope detection the time constant (t) is
2Q/ω0. In high vacuum, the time constant is around 0.1 second, so we can
not use the slope detection method. But FM technique is not affected by the
quality factor (Q). In FM technique, the minimum detectable force gradient






where F′= ∂F/∂z , kB is Boltzmann’s constant, T is temperature, cL
is the spring constant of the cantilever, B is the measurement bandwidth, and




Design of Low temperature MFM
While few low temperature MFMs have been developed in laborato-
ries around world,[10] [11] [12] Our group has been the most active in the
development and application of this technique. We use two types of cantilever
detection techniques in low temperature MFMs: piezoresistive detecting sen-
sor[13] and optical interferometer[14]. In this chapter, a LT-MFM that utilizes
a piezoresistive cantilever will be described. This LT-MFM was designed by
Alex de Lozanne.
2.1 Cantilever
Piezoresistive cantilevers (piezolevers) incorporate a doped Si layer that
undergoes resistance changes proportional to lever deflection changes.[15] This
resistive layer serves as one arm of a dc–biased Wheatstone bridge that con-
verts the resistance into a voltage signal (see Fig. 2.1).[16] This provides a
simple way to read out lever deflection without the added complication of
optical alignment and thermal drift issues that can accompany optical detec-
tion methods like fiber–optic interferometry. The disadvantages of choosing
a piezoresistive deflection sensor are possible sample heating effects due to
7
Figure 2.1: MFM diagram using piezoresistive cantilever.
the power dissipated in the lever and dealing with noise levels elevated above
the noise limit set by thermal excitation of the cantilever (empirically seen
by Volodin et al. [12] and our group). We chose to use piezolevers over an
optical detection scheme because many of the material systems we study have
magnetic transitions that span wide ranges of temperatures. If we want to
track an area of the sample while varying the sample temperature from 250 K
to 5 K and back, we can eliminate any possible optical misalignment induced
by thermal drift by using piezolevers. Because the material systems of inter-
est have relatively high magnetization values, the noise increase is rendered
inconsequential. Sample heating may be an issue at the lowest temperatures,
where heat capacities are lowest. We limit sample heating by placing an up-
per bound of 2 K on allowable cantilever heating through considerations of
8
heat exchange gas pressures, heat conduction pathways, and piezolever power
dissipation using the reasoning outlined by Giessibl et al. [16]
Figure 2.2: Details of the MFM probe.
Our first piezolevers were made by M. Tortonese at Park Scientific In-
struments. Recently we found a manufacturer of piezolevers in Japan (Seiko
Instruments) with a distributor in the USA (KLA–Tencor). We have used
both PRC400 and PRC120 cantilevers with spring constants of 2–4 N/m and
30–40 N/m, respectively. Since piezolevers are not currently available with a
magnetic coating, we deposit Fe, Co, Co85Cr15, or Co71Cr17Pt12 on the lever
and integrated tip by evaporation or by sputtering, taking care to avoid short-
ing the piezoresistor embedded in the lever. The detail of Co71Cr17Pt12 coating
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will be described in chapter 3. The cantilever chip is fixed, tip pointing up-
ward, to a brass cantilever holder plate with silver paint or epoxy. This plate
is held against the bottom of the instrument, as shown in Fig. 2.2, has a hole
cut in the center for optical access to the tip/sample region, and is thermally
linked to the brass MFM body with a copper wire (0.32 mm diameter). A
driving piezo plate is attached to the cantilever holder plate and serves to
excite the resonance of the cantilever.
2.2 Scanner
We use the same tube scanner as in the previous design, a PZT–5H
tube with four external electrodes and one internal electrode, 51 mm long,
with outer diameter (OD) of 6.35 mm and wall thickness of 0.51 mm (Staveley
Sensors). The maximum range of this scanner (±200 V applied to outer elec-
trodes) is approximately 160 µm at 293 K. The scan tube fits inside a hole in
the cylindrical brass MFM body and is fixed at the top with a Macor adapter
(Fig. 2.2). The sample is mounted with the surface facing down on a copper
sample stage attached to the bottom of the scan tube just past the end of the
MFM body. A Cernox temperature sensor (LakeShore) and a heater resistor
are mounted on opposite sides of the sample stage. The copper sample stage
is thermally linked to the MFM body with a copper wire (0.16 mm diameter).
The MFM has four leads that can be used to connect to the sample to mea-
sure bulk resistivity or resistance of a patterned device in situ as a function of
temperature and applied magnetic field.
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2.3 Positioner
The x–y–z positioner is based on the traditional kinematic three–point
mount: one ball fits into a cone on the cantilever holder plate, the second ball
fits into a V–shaped groove, and the third ball presses against a flat surface.
We chose sapphire for the balls and the flat surface due to its high rigidity and
low friction with the aim of reliable, nonhysteretic motion. The third ball is
driven by a 10–80 screw, which provides a very smooth approach mechanism in
the ẑ direction. The 10–80 screw is driven by a dedicated rotary manipulator
at the top of the probe, coupled by a thin stainless steel pipe.
Figure 2.3: Schematic (looking along the probe axis from below) of (a) can-
tilever holder plate and lateral offset mechanism relative to (b) sample plate.
(c) Cantilever plate superimposed on sample plate and “x–y” shafts and balls.
(d) Cantilever plate offset after 90◦ rotation of rightmost shaft in (c). (e)
Cantilever plate offset after 90◦ rotation of leftmost shaft in (c).
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The novel aspect of this design is that it provides quasi–x–y positioning
in a very compact design by mounting the first two balls mentioned above in an
off–center position on rotating shafts, as shown in Fig. 2.3. When the first shaft
is rotated, the first ball, which fits into a cone on the cantilever holder plate,
makes this cone rotate in a circle about this shaft while the second ball slides
along the V–shaped groove, as depicted by Fig. 2.3(c,d). For small rotations,
this makes the tip of the cantilever travel in an arc over the sample. When
the second shaft is rotated, as in Fig. 2.3(c,e), the second ball slides inside the
V–shaped groove, causing the cantilever holder plate to pivot about the first
ball. The balls are offset by 0.76 mm from the center of the shafts, providing
a maximum travel of 1.5 mm. However, the maximum range extends into a
highly nonlinear regime, so the practical range is limited to several hundred
microns. When the shafts for “x” and “y” are positioned as in Fig. 2.3(d), the
quasi–linear portion of the motion is also quasi–orthogonal. We use quotes for
“x” and “y” to emphasize the fact that these two axes are neither linear nor
orthogonal over long distances.
The shafts for “x” and “y” are rotated by thin stainless steel pipes that
extend up to the top of the probe, where the head of a socket head screw is
mounted on each pipe. The details of how these pipes couple to the rotating
shafts on the MFM body are discussed in the next section. A single rotary
manipulator attached to the top of the probe with a bellows drives a ball–head
Allen key to engage and rotate either the “x” or “y” motion. Having separate,
dedicated rotary manipulators for “x” and “y” would be more convenient
12
although it would add to the cost and weight of the probe.
2.4 Support
Figure 2.4: Peg and slot rotational coupling from an x–y–z pipe to an x–y–z
shaft. (a) is rotated 90◦ with respect to (b).
The MFM body is supported by the equilateral arrangement of the
three thin pipes (6.35 mm OD, 0.15 mm wall, stainless steel) that provide
rotary motion for x, y, and z positioning. To reduce vibrational coupling, the
weight of the MFM body is supported by a short piece of fiberglass sleeve
material on each shaft, while the torque is transmitted using a “peg and slot”
arrangement, as shown in Figure 2.4. The three thin pipes are held in place,
but allowed to rotate, by a copper heat sink above the MFM body and a
similar aluminum circular plate at the top of the probe. The copper heatsink
and aluminum plate are connected by a thin central pipe (11.1 mm OD, 0.15
13
mm wall, stainless steel) that provides rigidity for the probe as a whole. The
aluminum plate at the top of the probe is free to slide up and down to accom-
modate differential thermal contraction, and the weight of the whole probe
(or optional springs) provide the necessary force to press the copper heatsink
against a copper sheath at the bottom of the pipe housing (described in the
following section).
2.5 Chamber
The top of the probe has a small chamber made from a standard four–
way cross with 70 mm flanges. The top flange connects to the two rotary
manipulators mentioned above, while one side flange has a 20 pin feedthrough
for electrical leads and the other side flange connects to a valve and pumping
system. The bottom flange connects to the pipe housing for the instrument.
The pipe housing is a standard stainless steel tube (31.8 mm OD, 0.71 mm
wall). The pipe housing is removed every time a tip or sample is replaced.
While this is not as convenient as having a small canister attached at the
bottom, it has the reliability and long life of a seal that remains at room
temperature at the top of the probe.
In order to improve the thermal conductivity to the bath, the bottom
of the pipe housing was machined to remove 0.33 mm from the inner wall, and
a copper sheath (31.0 mm OD, 0.76 mm wall, 101 mm long) was press–fit into
it. The copper heatsink presses against the top of this copper sheath and is
thermally linked to the MFM body with a copper braid for better heat transfer
14
from the MFM to the bath.
Figure 2.5: MFM pipe with integrated window. The copper sheath is visible
behind the window.
The window at the bottom of the pipe housing (see Fig. 2.5) is an
important feature of this design. We started with a standard glass viewport
mounted on a standard NW25 flange (Model KVP–100 from MDC vacuum).
The tapered portion of the NW25 flange was carefully machined away in order
to match the 31.8 mm OD of the pipe housing and a short instep was machined
for alignment purposes. It was then welded at the bottom of the pipe housing.
The differential thermal contraction between the glass window and the stain-
less steel body is taken up by a thin Kovar sleeve. Nevertheless, approximately
half a year of thermal cyclings produced a small crack that started on one side
of the glass window and propagated to the opposite side over approximately
one more year. Surprisingly, the crack did not produce a measurable leak until
it crossed the complete window, but fortunately it was possible to seal it with
varnish (Kurt J. Lesker KL–5 leak sealant). We believe that this crack was
initially due to a manufacturing defect, or some shock during machining or
15
handling. An identical pipe and window has been thermally cycled from 77 K
to room temperature roughly 100 times with no cracks thus far.
2.6 Electronics
We drive the scanner and acquire imaging data with a Nanoscope IIIa
controller (Veeco–Digital Instruments). The lever deflection signal from the
Wheatstone bridge is differentially amplified by a Stanford Research Systems
SRS 560 Preamplifier (see Fig. 2.1). For MFM operation we use the frequency
modulation technique [9], both with the commercial “Extender” available for
the Nanoscope controller or with a digital phase lock loop (EasyPLL from
Nanosurf). The latter required homemade electronics to interface with the
Nanoscope controller. The homemade electronics consist mainly of a phase
shifter to choose the phase setpoint for the phase lock loop and an rms–to–
dc converter and comparator to generate the feedback signal for amplitude
modulated scans. Albrecht et al. showed that the minimum detectable force
gradient using the frequency modulation technique is
δF ′min =
√
4 k kB T B
w0QA2
, (2.1)
where w0/(2π) = f0, Q is the quality factor of the lever, kB is Boltzmann’s
constant, T is the temperature, and B is the measurement bandwidth. [9]
We operate the MFM in one of two modes, depending on the surface
roughness of the sample. For flatter samples we generally use constant–plane
scanning, recording the resonant frequency shift of the cantilever while scan-
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ning a plane aligned to and lifted off the sample surface. For rougher samples
this scanning mode would result in a large average tip/sample distance and
large variations in the tip/sample distance. Therefore, for rougher samples
we generally use an interleaved scan mode, lift mode, whereby one line of to-
pography (AFM) is acquired in frequency–modulated tapping mode (constant
amplitude scanning) and then one line of MFM data is acquired by retracing
the same topography at a certain lift height above the sample (while recording
the resonant frequency shift of the cantilever). The interleaving of the topo-
graphic and magnetic images assures that they are spatially correlated, even
when thermal drift is present. To null any electrostatic interaction between
the tip and sample, the tip potential can be adjusted by changing the potential
of the whole Wheatstone bridge.
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Chapter 3
MFM Tip Coating with Focused Ion Beam
Focused ion beams (FIB) are becoming increasingly essential as tools
in the fabrication and characterization of nanostructures, typically used to
remove material from a narrow selected area.[17] [18] Though less common,
material can also be deposited directly from the beam or by localized decom-
position of precursor gases.[17] [18] Yet another application of FIB is to expose
resist in order to generate patterns.[19] Here we demonstrate that material can
be deposited over a small area of interest by sputtering a nearby target with
the focused ion beam. In our particular application we deposit a magnetic thin
film on the tip of an atomic force microscope (AFM) cantilever,[1] thereby sen-
sitizing the lever to magnetic forces and creating a magnetic force microscopy
(MFM) cantilever.[3]
3.1 Motivation
Our interest in developing this technique is threefold. First, it allows
us to deposit expensive materials, such as Co71Cr17Pt12,[20] without needing
to buy a relatively large sputtering target. Second, different materials can be
deposited quickly and conveniently because the target can be substantially less
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than 1 mm on a side and 0.1 mm thick. This may be useful when different
compositions or layered coatings[21] need to be explored in order to optimize
a particular MFM tip characteristic (lateral resolution, moment, or coercive
field). Once the optimal composition is found, a conventional sputtering tar-
get may be ordered for applications requiring large area films. Third, in our
application we desire to coat the tip of the AFM lever while minimizing the
material deposited on the rest of the cantilever. The additional deposit is
undesirable because any metallic film that covers the whole cantilever will de-
crease the Q value of the lever in vacuum, reducing MFM sensitivity,[9] and
may even short out the piezoresistive sensor that we use to measure cantilever
deflection.
Needless to say, the financial considerations mentioned above do not
take into account the initial investment required to purchase the FIB itself,
which is substantially more than that of a simple sputtering system. The same
is true for the operating and maintenance costs. In most cases it would be
difficult to justify the purchase of an FIB for the sole purpose of depositing thin
films over microscopic areas, but do we hope that this can be an additional
incentive for the acquisition of a very versatile tool. In our case, as may
be true in many laboratories nowadays, we are fortunate to have this tool
available already so that the initial investment is not an issue. The FIB we use
(FEI Strata DB235) is outfitted with a scanning electron microscope column,
which provides a convenient means of aligning the cantilever and tip with the
sputtering target.
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Our MFM is a homemade instrument especially designed for low tem-
perature experiments.[13][22] It utilizes commercially available microfabricated
piezoresistive cantilevers. Our piezoresistive cantilevers were originally sup-
plied by Marco Tortonese, then at Park Scientific Instruments, and later by
Thermo Microscopes. We now purchase piezoresistive cantilevers from SII
NanoTechnology Inc. (http://www.siint.com/), models PRC120 and PRC400
(sold in the USA by KLA-Tencor, http://www.ktnanopics.com/). Unlike stan-
dard cantilevers that can be purchased with a variety of magnetic coatings,
piezoresistive cantilevers are only available uncoated. While this was the ini-
tial motivation for developing this technique, most of the benefits mentioned
above would be relevant even for standard cantilevers that do not have a
piezoresistive sensor.
3.2 Deposition Setup
Fig. 3.1 shows the basic geometry for our set up. For the initial demon-
strations presented here, the AFM piezoresistive cantilever was mounted on
the sample stage and the target was mounted on a nanomanipulator (Zyvex
F100). Since the nanomanipulator is mounted on the same carriage as the
sample stage, both are tilted together on the eucentric stage to allow align-
ment of the cantilever tip with the target under the guidance of the SEM.
For deposition the eucentric stage is tilted so that the target normal is ap-
proximately 30◦ from the FIB axis, as shown in Fig. 3.1. We generally use a
Ga+ ion beam current of 20 nA accelerated to 30 keV and a background gas
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pressure of 5 × 10−6 mbar. The FIB spot is usually rastered over a 20 µm by 8
µm area approximately 85 µm away from the AFM tip. Rastering is necessary
to avoid milling a deep pit that tends to collimate the material sputtered off
the target back in the direction of the ion beam. The view observed by FIB
imaging during and after deposition is shown in Fig. 3.2. An added benefit of
this deposition geometry, at least compared to conventional sputtering, is that
only one side of the tip is coated, which results in higher lateral resolution
compared to a tip that is coated on all sides.
Figure 3.1: Diagram of the geometry used during FIB deposition or imaging
procedures. The SEM beam is fixed in a vertical direction, while the FIB is
fixed at 52◦ from the vertical. The cantilever and the nanomanipulator holding
the target are mounted on a eucentric stage that is tilted to allow the SEM a
better view during the alignment of the target and the cantilever.
Since the purpose of the SEM column in a dual-beam FIB system is
usually to monitor the milling process, it is tempting to use the SEM to monitor
the deposition. Unfortunately the amount of material we deposit is usually too
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Figure 3.2: In-situ FIB image of the Co71Cr17Pt12 target immediately after
depositing on the cantilever for 2 min. The effect of the sputtering process on
the target is highlighted with a rectangle. The cantilever end is lined up with
the edge of the target, as sketched in Fig. 3.1. Most of the cantilever extends
below this image. The location of the area that was ion-milled for 20 min to
deposit on a separate cantilever is also visible.
little to give any contrast in the SEM, except perhaps for the thickest coatings
reported here. Furthermore, in the present geometry (Fig. 3.1 and Fig. 3.2)
the tip is under the cantilever during the FIB deposition procedure.
3.3 Deposition Characterization
Fig. 3.3 shows energy dispersive spectroscopy (EDS) results obtained
in a different SEM. We deposited Co71Cr17Pt12 for 20 minutes with the FIB
on this cantilever. EDS shows that there is Co71Cr17Pt12 deposited as far as
100 µm away from the tip. While this seems to be much further than desired,
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a cantilever on which we deposited Co71Cr17Pt12 for only two minutes showed
no evidence of Co71Cr17Pt12 by EDS, even around the tip. However, we show
below that this cantilever had excellent magnetic imaging properties. The
tentative conclusion from these experiments is that EDS is not sensitive enough
to detect the thinner magnetic coatings. Such coatings are thick enough on the
tip to provide excellent imaging properties while being thin enough away from
the tip area to minimize undesirable magnetic interactions or shorting of the
piezoresistor. Optimizing the deposition geometry by, for example, bringing
the cantilever tip closer to the target and increasing the angle by lifting the
back of the cantilever will reduce the area of the deposit.
The EDS spectrum in Fig. 3.3 also shows the presence of Ga, which
is a common contaminant in all FIB work. At this point we do not know
if the Ga contamination deteriorates the magnetic properties of the deposit.
While we plan future experiments to determine this, if the Ga does prove to
be undesirable its incorporation can be reduced significantly by heating the
cantilever during deposition. Since the vapor pressure of Ga is much higher
than that of Co, Cr, or Pt, moderate heating to 100◦C should make a big
difference.
Optical techniques are also able to image the thicker (20 min) Co71Cr17Pt12
deposit. Fig. 3.4 shows an optical micrograph of the cantilever obtained with
a Nikon Optiphot Microscope equipped with Differential Interference Contrast
(DIC). The area of the Co71Cr17Pt12 deposit around the tip is clearly visible,
extending to ∼120 µm away from the end of the cantilever, in agreement with
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the EDS results mentioned above. This deposit is also visible without DIC.
The thickness of the deposit can be estimated by measuring the shift
in the resonant frequency of the cantilever, before (f1) and after (f2) the de-
position. This technique is sensitive enough to detect mass changes in the
attogram range with suitably designed cantilevers.[23] [24] The mass can be
estimated assuming a simple harmonic oscillator: m = k / (2 π f)2, where we
use the value for the spring constant k = 3 N/m provided by the manufac-
turer. A more sophisticated analysis would take into account the geometry of
the cantilever, which is effectively two beams in parallel with a mass attached
at the end. However, since the thickness of the deposit is not uniform and the
area is not well known, the simple estimate is sufficient for our purposes. For
the 20 min Co71Cr17Pt12 deposit we observed f1 = 37,112 Hz and f2 = 33,664
Hz, which gives m1 = 5.52× 10−11 kg and m2 = 6.71× 10−11 kg. Estimating
that the area of the deposit is 2.5× 10−9 m2 and its density is 104 kg/m3, the
estimated thickness is 0.5 µm. We expect that the deposit on the tip is thicker
than the deposit on the cantilever because the angle of deposition is closer to
the local normal on the front side of the tip. Our thickness estimates may be
off by a factor of 2 or 3, but in the end what matters is the performance of
the MFM tip, as shown below.
For the 2 min Co71Cr17Pt12 deposit we observed f1 = 42,927 Hz and
f2 = 42,829 Hz, which gives m1 = 4.128 × 10−11 kg and m2 = 4.147 × 10−11
kg, yielding a thickness estimate of about 10 nm, which is sufficient to pro-
duce magnetic properties in this material.[25] [26] While this is too thin to
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be detected by EDS or standard optical techniques, it is sufficient to produce
excellent MFM images, as shown in Fig. 3.5.
In the future we will measure the mass added during the deposition in
situ by monitoring the cantilever’s frequency shift in real time. This requires
two electrical leads to measure the resistance of the cantilever, which is a mea-
sure of its deflection, and two leads to actuate a piezoelectric driver to excite
the resonance of the cantilever. We have also built a simple jig that aligns
up to five cantilevers with five corresponding targets independently under the
guidance of an optical microscope. Once the alignment is accomplished, the
jig is placed in the sample holder of the FIB. This cuts down on the user’s
time at the FIB and makes the in-situ nanomanipulator unnecessary.
3.4 MFM Results
The performance of these coatings for magnetic imaging is shown in
Fig. 3.5 and Fig. 3.6, where the sample is a computer hard disk with in-plane
magnetized regions. Typically, we expect to see strong contrast at the bound-
aries of these regions where the out of plane stray field and its gradient are
the strongest. Figure 5 shows a typical high lateral resolution MFM image
taken with the cantilever with a 2 min Co71Cr17Pt12 deposit. The details ob-
served in this image have not been seen before with piezoresistive cantilevers.
The images compare favorably with published images obtained with commer-
cial cantilevers tips coated with CoCr.[27] As a more valid comparison we
have imaged the same hard disk with a commercial cantilever (MESP from
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Veeco, coated with CoCr), resulting in the image shown in Fig. 3.6. Clearly
the Co71Cr17Pt12 FIB deposit gives better results. To illustrate the difference
between different FIB coatings, Fig. 3.7 displays the MFM images obtained
on the same hard disk with a piezoresistive cantilever coated with permalloy
(Ni80Fe20) by FIB deposition for 30 min. The broadened bit transitions in this
image may be due to the lower coercivity of permalloy and/or the thickness
of the magnetic coating.
Higher resolution can be obtained by using more sophisticated coatings
and by shaping the tip or the deposit on the tip with FIB. Liu et al., for
example, used FIB to sharpen an AFM tip, then deposited Ta(3nm), NiFe(20
nm), FeMn(20 nm), and CoFe(20 nm) ex situ.[28] Phillips et al., on the other
hand, first evaporated Co on a pyramidal tip and used FIB to remove most
the Co, leaving a Co needle that acts as a magnetic monopole. With a similar
process, a dipole tip was made by Litvinov and Khizroev.[29] Resolution as
high as 11 nm has been achieved by FIB sharpening of a CoPt film deposited
on a commercial cantilever tip by Gao et al.[30] Tips with carbon nanotubes
have been coated with Co[31] and with CoFe,[32] both producing excellent
results. We believe that in all these procedures the coating and the etching
can be done within the FIB, with the advantage of having more sophisticated
coatings available and doing all the processing in a single instrument. So-
phisticated techniques may be used to characterize the magnetic properties of
these tips.[33] [34]
In summary, we have demonstrated a convenient technique for making
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tips for magnetic force microscopy by sputter-depositing magnetic material
with a focused ion beam. This technique is useful for depositing complex,
expensive, or multilayer coatings in a quick and easy manner.
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Figure 3.3: Ex-situ SEM image of a cantilever on which Co71Cr17Pt12 was
FIB-deposited for 20 min. This SEM is equipped with energy dispersive spec-
troscopy (EDS). Spectra were taken at the four locations marked with crosses.
Two of these spectra are shown, where the decay of the EDS signal for Co,
Cr and Pt is evident as the distance increases from the end of the cantilever.
Ga contamination from the FIB is also detected. The cantilever with a 2 min
deposit showed no EDS evidence of the elements deposited, although it had
enough material to have excellent magnetic properties, as displayed in Figure
5.
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Figure 3.4: Optical micrograph of a cantilever on which Co71Cr17Pt12 was FIB-
deposited for 20 min. The change in color towards the end of the cantilever is
due to the deposit, which extends ∼120 µm from the end
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Figure 3.5: Topographic (left) and MFM (right) images of a computer hard
disk taken with the cantilever/tip (shown in Fig. 3.2) that had Co71Cr17Pt12
FIB-deposited for 2 min. We magnetized the tip perpendicular to the can-
tilever with a 1 Tesla electromagnet. The scan size is 10 µm × 10 µm with
a topographic total range of 60 nm. The MFM image was taken with a lift
height of 70 nm and the color scale spans a frequency shift of 10Hz. We ob-
tain similar frequency shifts with Veeco’s MESP-LM cantilevers, which have
a moment of 0.3 × 10−13 emu according to the manufacturer. We therefore
estimate the moment of this Co71Cr17Pt12 coated cantilever to be similar. The
section analysis taken along the white line marked in the MFM image shows
the expected sharp peaks and dips at the boundaries between recorded bits as
well as other fine features. 30
Figure 3.6: Topographic (left) and MFM (right) images of a computer hard
disk taken with a commercial cantilever/tip (MESP from Veeco, coated with
CoCr). We magnetized the tip perpendicular to the cantilever with a per-
manent magnet provided by the manufacturer, with an estimated field of 0.5
Tesla. The scan size is 10 µm × 10 µm with a topographic total range of 80
nm. The MFM image was taken with a lift height of 80 nm and the color scale
spans a frequency shift of 40Hz.
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Figure 3.7: 7 µm × 7 µm MFM image of a hard disk taken with a can-
tilever/tip with a permalloy coating. We magnetized the tip perpendicular
to the cantilever with a 1 Tesla electromagnet. This coating was deposited
by FIB by sputtering an area of 20 µm × 8 µm for 30 min with an emission
current of 20 nA. The deposit caused a frequency shift of -4.4 kHz in the reso-
nance of the cantilever, which corresponds to a mass addition of approximately
10−11 kg or a deposit thickness of 0.4 µm. The qualitative and quantitative
differences between this image and the one shown in Fig. 3.5 are due to the
different magnetic properties of Co71Cr17Pt12 and permalloy. This illustrates
the importance of being able to deposit different materials on MFM tips.
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Chapter 4
Magnetic Study of CMR Film
4.1 Introduction
R1−xAxMnO3 (R is a trivalent rare-earth ion and A is a divalent dopant)
materials such as La0.67Ca0.33MnO3 (LCMO) change their electrical resistance
by orders of magnitude more than conventional materials on the application
of a magnetic field.[35] [36] These colossal magnetoresistance (CMR) materi-
als also show hysteresis in their low-field magnetoresistance.[37] [38] Here we
report observations of the magnetic domain structures using a variable low-
temperature magnetic force microscope to understand the low-field MR effect.
4.2 Experiment
The La0.67Ca0.33MnO3 film was grown by DC sputtering. The sput-
tering target source was made from La2O3, CaCO3, and MnO2. They were
mixed and fired in air at 950◦C for 12h to decarbonate. The product was
then ground and pressed, then sintered at 1200◦C for 24h in air. The resulting
pellets were re-ground and fired at 1200◦C for another 24h and slow-cooled at
the rate of 5◦C/min. The 150nm thick film was deposited on a SrTiO3(001)
substrate in 3.5 mbar pure oxygen as sputtering gas. The deposition rate was
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approximately 1.5 nm/min. An X-ray diffraction (XRD) pattern was mea-
sured using a Bruker-Nonius D8 Power Diffractometer with Cu Kα radiation
(wavelength λ = 0.15405 nm). Fig. 4.1 shows the XRD pattern for the 150nm
thick La0.67Ca0.33MnO3 film. The XRD peaks from the substrate are identified
with a star symbol. Near the substrate peaks, the (00n) peaks from the LCMO
film are also observed. This lattice mismatch causes strain in the LCMO film,
which in turn makes the magnetic easy axis lie in the plane of the film.[39]
Figure 4.1: XRD pattern in scale for La0.67Ca0.33MnO3 film deposited onto
SrTiO3 substrate by DC sputtering. The substrate peaks are marked with a
star symbol.
The resistance and magnetic moment versus temperature are shown in
Fig. 4.2(a). Around 260 K, the resistance starts to decrease and the magnetic
moment to increase, indicating a phase transition temperature that is a good
agreement with the bulk value.[40] Fig. 4.2(b) shows M-H loops measured
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at 80 K, 200 K, and 250 K. The transport data was measured in situ with
our home-made low temperature Magnetic Force Microscope (MFM)[13]. The
temperature dependent magnetization and magnetic hysteresis loop measure-
ments were performed using a Quantum Design SQUID magnetometer.
Figure 4.2: (a) Temperature dependence of the resistivity and magnetization
of 150nm-thick La0.67Ca0.33MnO3 film. (b) Parallel M-H loops at different
temperatures.
We investigated the magnetic domain structure while changing the ex-
ternal field. We made an MFM tip with a relatively high coercivity by coating
Co71Cr17Pt12 on a piezoresistive cantilever (model PRC 400 from SII Nan-
oTechnology Inc.) using our FIB sputtering method [41]. Before measuring
the LCMO sample, we checked that the MFM image of a hard disk with
CoCrPt coated tip did not change when we applied an external field up to 300
Oe at room temperature. We set the MFM measurement temperature as 200
K since the external field of 300 Oe is enough to saturate the LCMO film at
200 K, as shown in Fig. 4.2(b).
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4.3 Result
Fig. 4.3 shows the MFM images of the LCMO sample with the scan
size of 12 µm × 12 µm. We applied the external field parallel to the film plane
in the direction indicated by the white arrow in Fig. 4.3(a). The external
field values of the MFM image in Fig. 4.3(a) ∼ (f) are 288 Oe, 0 Oe, 44
Oe, −88 Oe, −144 Oe, and 331 Oe, respectively. In the MFM image, the
dark contrast corresponds to an attractive interaction and, conversely, the
bright contrast indicates a repulsive interaction, given that the magnitude of
the force on the tip decays with increasing distance from the surface.[42] The
MFM image features are pinned; they did not move much when we applied up
to 330 Oe. The MFM image contrast inverted when the external field direction
was reversed. Fig. 4.3(g) and (h) show the field dependence of the resistance
and the magnetic moment. We then changed the external field direction and
observed the effects with MFM images, as shown in Fig. 4.4. The image
patterns are almost the same as in Fig. 4.3. The external field in Fig. 4.4 (a)
and (b) is 288 Oe and 331 Oe respectively. The strain in the LCMO film has
dominant role in the MFM image pattern. We consider that the strain comes
from the lattice mismatch between the LCMO film and the STO substrate.
As shown in Fig. 4.4(c), the MFM pattern and the defects in the topography
are well matched. The defects in topography should be from lattice mismatch.
The strain also provides the pinning sites in the MFM images. We propose
that the low-field magnetoresistance hysteresis in the La0.67Ca0.33MnO3 film
is related to spin dependent tunneling effect, as observed by other groups
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for single grain boundaries.[43] [44] The LCMO film has the ensemble of the
tunneling structures due to defects in the film. Each part in the LCMO film
has different coercivity but mostly around the film coercivity, resulting that
smooth hysteresis compared to the sharp hysteresis pattern of a single domain
wall[43].
Figure 4.3: MFM images of one area of the sample (12 µm × 12 µm) at various
in-plane directional magnetic field at 200K. The external field values of the
images are : 288 Oe (a), 0 Oe (b), -44 Oe (c),-88 Oe (d),-144 Oe (e), -331Oe
(f). The white arrow in the (a) indicates the direction of the external field.
Field dependence of the resistance (g) and magnetic moment (h).
We expected the four-fold in-plane magnetocrystalline anisotropy, as
observed by O’Donnell et. al. Fig. 4.5 shows the vibrating sample magnetome-
ter (VSM) data of the LCMO film at 96 K. Fig. 4.5(b) shows the remanent
magnetization on the sample axis having angle with respect to an applied field
axisdirection. This indicates that there is no obvious in-plane anisotropy. This
result is confirmed in Fig. 4.5(c), showing M-H loop for different applied field
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Figure 4.4: MFM images (a, b) and topography (c) at the same position. All
MFM images in Fig. 4.3 were also measured at the same position. The white
arrow shows the applied field direction. The external field in (a) and (b) is
288 Oe and 331 Oe respectively.
directions. The coercivity and remanent magnetization did not change much
in Fig. 4.5(c). From all this we conclude that there is no measurable in-plane
anisotropy in our films.
4.4 Summary
We made the 150nm thick LCMO film on STO substrate. By XRD
and SQUID magnetometer, we verified that this film shows similar proper-
ties as reported other group. We measured transport data and magnetic do-
main structure simultaneously using low temperature MFM to investigate the
magnetoresistance hysteresis in La0.67Ca0.33MnO3 film. We propose that the
hysteresis is the result from the ensemble of magnetic domain changes accord-




Figure 4.5: (a) Photograph of a LCMO sample used in VSM measurement.
White axis represents sample axis. (b) remanent magnetization (Mr) plotted
as a projection on the sample axis. The angle θ is the angle in the film plane
between sample axis and applied field direction. (c) magnetization moment
measured along the field axis.
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Chapter 5
Sintering Effect of Annealed FePt
Nanocrystals
Nanometer-size magnets are of great interest to industrial and scientific
researchers due to their need for high-density storage media. For high-density
magnetic information storage, material with high uniaxial magnetocrystalline
anisotropy is needed to overcome the superparamagnetic effect.[45] FePt alloy
is one of these storage media candidates.[45] Chemically synthesized and self-
organized FePt nanoparticle arrays exhibit high coercivity, as much as 4 kOe
at room temperature, when these nanocrystals are annealed.[46] But annealing
can induce agglomeration and sintering of monodisperse FePt nanocrystals.[47]
[48] [49] [50] [51] The sintering temperature at which agglomeration occurs
depends on the size and stabilizers of the nanoparticles.[47] [48] [49] Magnetic
force microscopy [52] (MFM) is a useful tool to map the mesoscopic magnetic
properties of thin magnetic films, providing a snapshot of local magnetization
phenomena that give rise to the macroscopic properties of the film. MFM
has been used in several studies including cobalt nanoparticle assemblies [53],
sputtered nanocluster films [54] [55] [56] [57], and annealed self-assembled FePt
nanoparticles [58].
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5.1 Nanocrystal Synthesis and Assembly
FePt nanocrystals were made by the high temperature reduction of a
platinum (Pt) precursor and thermal decomposition of an iron (Fe) source in
the presence of capping ligands.[59] At room temperature, platinum acetylacet-
onate (0.5 mmol) was mixed with 1,2-hexadecanediol (1.5 mmol) in dioctylether
(20mL) in a three-neck flask. The mixture was agitated at room temperature
while flushing with nitrogen for ∼20 min. The mixture was then heated to
100◦C, at which point iron pentacarbonyl (1 mmol), oleic acid (0.5 mmol),
and oleylamine (0.5 mmol) were injected, and the resulting mixture contin-
ued to be heated to the refluxing temperature of dioctylether. The reaction
mixture was held at the refluxing temperature for 30 min, and was allowed to
cool to room temperature by removing the heating element. The solution was
collected and centrifuged at 8000 rpm for 10 min. Poorly capped particles and
very large nanocrystals form a precipitate that is discarded. The supernatant
was then mixed with 20 mL of ethanol to precipitate the FePt nanocrystals
and separate them from organic molecular byproducts. The nanocrystals were
collected as a precipitate after another centrifugation at 8000 rpm for 10 min.
For the MFM studies and magnetic measurements, the nanocrystals were pre-
cipitated one more time from chloroform using ethanol as the antisolvent to
obtain a clean sample with minimal organic byproducts and free capping lig-
ands. The nanocrystals redisperse in a variety of organic solvents, including
chloroform, toluene and hexane. The Pt concentration was estimated to be
40-48% based on the observed formation of the FCT phase and the strong
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magnetic properties of thicker films [46], as shown below.
Samples for MFM and SQUID measurements were spin cast onto mica
substrates and samples for x-ray diffraction were spin cast on a silicon wafer
to make uniform films. TEM samples were prepared by drop casting dilute
FePt dispersions onto a carbon-coated copper grid. These films were annealed
in a quartz tube furnace while flowing helium or purified nitrogen gas through
the tube.
5.2 MFM Study
Atomic force microscopy (AFM) and MFM images were simultaneously
obtained using a Digital Instruments Multimode microscope operated in Tap-
ping/Lift mode under ambient conditions. Fig. 5.1 shows the annealing effects
on a 12nm-thick FePt film. Fig. 5.1(a) and 5.1(b) are the AFM and corre-
sponding MFM images, respectively. The morphology and magnetic image of
the sample after annealing is shown in Fig. 5.1(c) and 5.1(d), respectively. The
height range of AFM images in Fig. 5.1 is 15nm and the phase range of the
MFM images is 1 degree. This phase range is a measure of the strength of the
magnetism of the sample (and the MFM tip), ranging from zero for nonmag-
netic material up to 15 degrees for a computer hard drive. The lift height in
Fig. 5.1(c) and 5.1(d) is 30nm. Fig. 5.1 was taken using MESP-type MFM tips
purchased from Digital Instruments. These tips have a Co-Cr coating with a
medium moment (∼10−13 emu) and coercivity (∼400 Oe). All of the images in
Fig. 5.1 are taken in the same location. After annealing at 605◦C for 30 min,
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there was some change in topography, but most of the features remained, with
a typical reduction of the film thickness by 25%. Since there was also lateral
shrinkage, we could find cracks, from which we could measure the thickness
of the film. The difference in the MFM images in Fig. 5.1(b) and 5.1(d) is
evident. However, we could not observe the pattern of MFM images shown in
Fig. 5.1(d) everywhere on the film after annealing. At some positions we saw
MFM images similar to Fig. 5.1(b), indicating that the film thickness or the
sintering effects are not uniform.
Fig. 5.2 shows MFM images of films with different thicknesses. Fig.
5.2(a) is recorded after re-annealing the sample shown in Fig. 5.1(c) at 630 ◦C
for 30 min to improve its magnetic properties. The MFM contrast increased
and became clear compared with Fig. 5.1(d). MFM images of thicker films
annealed at 630 ◦C for 30 min are shown in Fig. 5.2: (b) 20nm, (c) 32nm,
and (d) 55nm. The MFM signal becomes stronger with increasing thickness
as expected. Since each image is optimized individually, the parameters are
not the same, making quantitative comparisons difficult. Nevertheless, it is
valid to compare MFM images taken with similar lift height. Accordingly, the
MFM signal in (d) is stronger than the signal in (b) and the signal in (c) is
stronger than (a), as one would expect from thicker films. The qualitative
shape and size of the patterns in the MFM image, however, did not change
much. When we scanned the sample shown in Fig. 5.2(a) at zero external
field after applying a 1 Tesla external field perpendicular to the film plane, the
MFM image did not change, indicating no magnetic remanence in the film or
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a coercivity below the field applied by the tip (∼400 Oe). Furthermore, the
MFM pattern in Fig. 5.2(d) did not change when we scanned with a 3000 Oe
external field applied in the perpendicular direction.
5.3 SQUID, TEM, and X-ray Studies
To understand the MFM images shown in Fig. 5.2, we measured the
parallel and perpendicular M-H loop of the 55nm-thick film shown in Fig.
5.2(d) at 300 K with a SQUID magnetometer. Fig. 5.3(a) and (b) are the
magnetization data after subtracting the M-H loop of a mica substrate of the
same size. We also took MFM images of the same film shown in Fig. Fig.
5.2(d) by magnetizing a high moment ( >3×10−13 emu ) HM-MESP tip pur-
chased from Digital Instruments upward and downward as shown in Fig. 5.3(e)
and (f). The MFM image in Fig. 5.3(c) was taken when the magnetization
direction of tip is upward, while the image in (d) was taken after reversing
the magnetization direction of tip. The positions marked ”1” and ”2”in (c)
and (d) represent the same location. The bright spots marked ”2” are due to
contamination.
A careful examination of the MFM images in Fig. 5.3(c) and 5.3(d)
shows that the magnetic patterns did not change. For comparison we tested
a video tape having higher coercivity: when we changed the magnetization
direction of the MFM tip, the dark and bright patterns also reversed. From
this we conclude that the 52 nm FePt film has a coercivity lower than the field
applied by the tip, which is estimated to be 400 Oe for a lift height of 50 nm
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[60]. The magnetic contrast is not reversed because the tip magnetizes the
film on a local scale.
When we measured all films with LM-MESP type MFM tip from Dig-
ital Instruments, we could not see any MFM contrast. We believe that the
magnetic moment of the LM-MESP tip (∼0.3×10−13 emu) is too low to give
a measurable signal on films with low magnetic moment.
Having concluded that the thin films of FePt nanocrystals have very
low or zero coercivity and remanent magnetization, we believe that the MFM
image contrast should relate to the non-uniform areal density of the FePt due
to sintering [48] [51]. The dark parts in the MFM images correspond to a
higher areal density of sintered FePt. Fig. 5.4(a) shows the TEM image of
the FePt nanocrystal monolayer before annealing. Before we annealed a bi-
layer (approximately) FePt nanocrystal film, the density distribution in the
TEM image was almost uniform, as shown in Fig. 5.4(b). After annealing the
sample of Fig. (b), the spatial density distribution became non-uniform as in
Fig. 5.4(c) and (d). Since the lateral resolution of the MESP tip is greater
than ∼40 nm, sintered nanocrystals that are grouped closer than 40 nm are
averaged to a single feature in the MFM image.
X-ray diffraction measurements provide further evidence of sintering.
The crystallite size can be determined from the Scherrer formula B = 0.9/(D
cosθ), where B is the broadening of the diffraction line measured at half of
its maximum intensity in radians, is the wavelength of the X-rays, D is the
average diameter of crystal particle, and θ is the Bragg’s diffraction angle [61].
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Fig. 5.5 shows XRD patterns for a ∼250nm-thick FePt film. The sharp peaks
in the XRD patterns are due to the silicon substrate. The locations of the
sharp peaks are different before and after annealing since the azimuthal angles
of incident X-ray are different. Fig. 5.5(a) is the pattern before annealing the
sample. From the Scherrer formula, using the (111) peak, the average crystal
size before annealing is ∼3.8 nm. This value is in good agreement with the
TEM result shown in Fig. 5.4(a). Fig. 5.5(b) is the pattern after annealing
for 30 min at a temperature of 605 ◦C. After annealing, the thick film had
a sharper (111) peak resulting from an increase in the crystallite size to 13
nm, producing a coercivity of 5.5 kOe at 300K, as shown in Fig. 5.6, which is
consistent with previous findings for thick films [46]. Since the properties of
our thicker films are similar to those reported in the literature, we conclude
that the weaker magnetic properties of our thinner films are a consequence of
their reduced thickness and not shortcoming of the source nanocrystals.[62]
The diffraction data analysis assumes only perfect nanocrystals, so
there may be many particles that are twinned, with an overall size bigger
than 13 nm. Furthermore, the MFM image displays a two dimensional projec-
tion of the magnetic particles as deep as 30 nm, so that MFM interprets many
particles as one particle if they overlap in two dimensions even though they
are separated in three dimensions. These considerations help to understand




Chemically synthesized FePt nanocrystal thin films show low coercivity
at room temperature after being annealed at temperatures in the range of 605-
630◦C for 30 min. We studied 12 to 55 nm thick films using MFM, SQUID,
TEM, and x-ray diffraction. The patterns shown in the MFM images are
likely due to the sintering of FePt nanocrystals and the high moment of the
MFM tip. Thicker films show strong ferromagnetic behavior, as reported by
other groups. The motivation to find thinner nanocrystal films with sufficiently
strong magnetism for data storage applications is still strong. However, thinner
films are more likely to be self-assembled into an ordered structure, which
produces a smoother surface and a more uniform film.
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Figure 5.1: (a) AFM (4 µm × 5 µm) and (b) corresponding MFM image of
un-annealed 12nm-thick FePt nanocrystal film. (c) AFM and (d) MFM image
after annealing the 12nm-thick film at 605◦C for 30 min. All images are taken
on the same location.
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Figure 5.2: MFM(5 µm × 5 µm) images of FePt thin films with different
thickness: (a) 12 nm, (b) 20 nm, (c) 32 nm, (d) 55 nm. The sample in (a) is
the same as in Fig. 1(c) after being re-annealed at 630◦C for 30 min. In (b),
(c), and (d), samples are annealed at 630◦C for 30 min.
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Figure 5.3: (a) Parallel and (b) Perpendicular M-H loop at 300K of the 50-
nm-thick sample shown in Fig. 5.2(d). (c) MFM(5 µm × 5 µm) image is taken
by HM-MESP MFM tip magnetized upward as shown in (e). (d) MFM image
using HM-MESP tip magnetized downward as shown in (f).
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Figure 5.4: (a) TEM image of the un-annealed FePt nanocrystals. (b) TEM
image of unannealed nanocrystal bi-layer on a TEM grid. (c) TEM image
after annealing the sample of (b) at 580◦C for 30 min, showing no significant
coalescence. (d) TEM image after further annealing the sample of (c) at 630◦C
for 30 min, showing substantial coalescence.
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Figure 5.5: XRD patterns of FePt film with t= 250 nm (a) before anneal-
ing (b) after annealing for 30 min at a temperature of 605◦C. The index is
based on FCT FePt reflections. The diffraction patterns were collected with a
Bruker-Nonius D8 Powder Diffractometer with Cu Kα radiation (wavelength
λ= 0.15405 nm).
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Figure 5.6: Parallel M-H loop of a 250 nm thick FePt nanocrystal film at 300K.
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Chapter 6
Micromagnetic Study of FePt nanocrystals
overcated with silica
Chemically-synthesized FePt nanocrystals must be annealed at a high
temperature ( >550◦C) to induce the hard ferromagnetic L10 phase. Unfor-
tunately, the organic stabilizer covering these nanocrystals degrades at these
temperatures and the nanocrystals sinter, resulting in the loss of control over
nanocrystal size and separation in the film as discussed in Chapter 5. We
have developed a silica overcoating strategy to prevent nanocrystal sintering.
In this study, 6 nm diameter FePt nanocrystals were coated with 17-nm-thick
shells of silica using an inverse micelle process.
6.1 Synthesis and bulk characterization
To prevent sintering, a SiO2 coating was developed.[63] [64] The ther-
mal diffusion of Fe and Pt atoms remains confined within the SiO2 shell during
the heat treatment.[63] Precursor fcc FePt nanoparticles were prepared accord-
ing to the method of Chen et al.,[65] and were subsequently coated by SiO2
according to the method of Fan et al.[66], as we have described in detail in
Ref. [64]. Fig. 6.1(a) shows a transmission electron microscopy (TEM) im-
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age of FePt nanocrystals overcoated with silica before annealing. The size of
the FePt cores, as determined by TEM, is 6 nm and the average diameter
of the silica coated nanocrystals is 39 nm with a standard deviation of 1.4
nm. The silica-coated FePt nanocrystals were deposited onto a silicon wafer
to make films. The thinner films (100 nm and 900 nm) were made by putting
a drop of nanocrystal solution on the substrate and using a spinner at 1,500
rpm. The 2.5 µm-thick films were made by drop casting (letting a drop dry
on the surface). For some applications a glass substrate is preferred, but in
our case the Si substrate provides a convenient flat surface and avoids possi-
ble charging problems that could affect the MFM images. These films were
annealed at 700◦C for 30 min in a quartz tube furnace while flowing N2 (93%)
/ H2 (7%) gas to convert the nanocrystals from the fcc structure into the L10
structure. We estimate an upper bound for the density of 1.4 g/cm3 based on
the dimensions of the particles, the densities of silica (2.6 g/cm3 ) and FePt
(14.7 g/cm3), and by assuming a simple cubic packing of spheres. The actual
density is likely to be lower, judging from the porosity observed in very thin
films prepared for SEM analysis, as shown in Fig. 6.2. On the other hand, the
porosity is exacerbated in these very thin films because the lateral shrinkage
results in gaps, while for thicker films the gaps may be filled by shrinkage of
the film thickness.
X-ray diffraction (XRD) measurements before and after annealing are
shown in Fig. 6.1(b). After annealing the (111) diffraction peak shifts from
2θ = 40◦ to a slightly higher angle and new peaks appear, such as the (110)
56
peak at around 2θ = 33◦, indicating a phase transition from fcc to L10. The
nanocrystal size can be determined from the Scherrer formula B = 0.9/(D cosθ)
[61], where B is the broadening of the diffraction line measured in radians at
half of its maximum intensity, is the wavelength of the X-rays, D is the average
diameter of the crystalline particles, and is the Bragg diffraction angle. The
peak breadth in the XRD patterns both before and after annealing is ∼1.35◦,
corresponding to an average diameter of ∼6.3 nm, which is in good agreement
with the FePt size determined by TEM. Since the peak broadening in the
XRD pattern did not change upon annealing, there is no agglomeration and
coalescence of the FePt cores. We also point out that the XRD pattern in
Fig. 6.1(b) is possible only if the c axes of the nanocrystals are randomly
oriented. The chemical ordering of the L10 phase can be estimated based on
the ratio of the (110) and (200) peaks,[61] [67] or using the lattice parameter
ratio (c/a).[68] From these estimates, we calculate an order parameter S =
0.7-0.9 (which is defined as S = [rA − FA]/[1 − FA], where rA and FA are
fractions of A atoms in the correct sites and in the alloy, repectively; S = 1
for perfect ordering)[61]. The chemical composition has been determined with
TEM-EDS to be between 37% and 42% Fe content.
A superconducting quantum interference device magnetometer (SQUID)
was used to characterize the magnetic properties of the nanocrystal composite
film. Fig. 6.1(c) is a magnetic hysteresis loop at room temperature. The dia-
magnetic contribution to the hysteresis loop from the silica shells is negligible
compared to the magnetic moment of the FePt cores, as determined by the
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Figure 6.1: (a) TEM image of un-annealed FePt nanocrystals overcoated with
a silica shell. The dark core is FePt and the lighter shell is silica. The average
size of the FePt nanocrystals is 6 nm and the silica shell thickness is approxi-
mately 17 nm. (b) XRD patterns of FePt nanocrystals overcoated with silica
shell before and after annealing for 30 min at a temperature of 700◦C. The
diffraction patterns were collected with a Bruker-Nonius D8 powder diffrac-
tometer with Cu Kα radiation (wavelength λ = 0.15405 nm). (c) In plane
M-H loop at 300K of a 2.5-µm-thick film after annealing for 30 min at a tem-
perature of 700◦C. The saturation magnetization, MS, is 5 emu/cc, with an
uncertainty of 20% due to the unknown packing fraction of these nanospheres
and the nonuniform thickness of this drop-cast film. Furthermore, the M-H
loop indicates that full saturation is not quite reached at 50 kOe, but this may
be due to a slight error in the subtraction of the diamagnetic contribution from
the silicon substrate, or to the fact that we have a composite with randomly
oriented hard axes (see figure 7 in [69]).
following calculations. The saturation magnetization of bulk L10 FePt is about
1140 emu/cm3.[45] Since the diameter of a FePt core is ∼6nm, the magnetic
moment of one FePt nanocrystal is ∼1.0×10−16 emu. The mass susceptibility
and density of SiO2 are −29.6 emu/(g·Oe) and 2.6 g/cm3, respectively.[70] The
diamagnetic moment from a 40 nm size silica sphere at 5 Tesla is ∼1.0×10−20
emu, which is indeed negligible. In the M-H loop, the ratio of the remanent
magnetization to the saturation magnetization is about 0.5. A possible expla-
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Figure 6.2: SEM images of FePt@SiOx nanocrystal films, a few layers thick,
before and after annealing. These films were spin-coated on Si substrates.
nation for this is that the magnetic dipole interaction among single domain
nanocrystals is weaker than the interactions between individual nanocrystals
and the external field.
The shape of the M-H loop in Fig. 6.1(c) may be interpreted as evi-
dence of having two phases present in the sample. Since we have no other
evidence of the existence of a substantial fraction of another phase, this aspect
is not well understood. This has been observed by other groups and is as yet
unexplained.[71] [72]
6.2 Micromagnetic characterization
We studied the micromagnetic structure of these nanocrystal films with
magnetic force microscopy (MFM), using a Digital Instruments Multimode
microscope under ambient conditions. Fig. 6.3(a) shows part of an island
in a 2.5 µm-thick film. We prefer to study islands or trenches because it is
possible to get an accurate determination of the film thickness and a high
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magnetic contrast at the edges. The scanned area is 15 µm × 3.75 µm. The
two possible directions of the magnetization of the MFM tip are also shown
in Fig. 6.3(a). To manipulate the magnetization directions of the nanocrystal
single domains, we applied an 8 Tesla ex-situ field to the left and to the right
along the film plane, as well as in the up and down direction perpendicular to
the film plane. After magnetizing the film with the 8 Tesla field, we scanned
the same region around the island at zero field as shown in Fig. 6.3(c), (d),
(e), and (f). All images in Fig. 6.3 were taken using an MFM tip (MESP from
Veeco, coated with CoCr), magnetized downward.
We used the “floating mode,” in which the MFM tip is rastered at
a fixed distance from the average sample surface and the tip does not trace
the topography of the sample. In this floating mode, the tip will trace a
flat rectangle at a distance h from the film surface, as shown in blue in Fig.
6.3(b). Fig. 6.3(c), (d), (e), and (f) show the phase shift of the oscillating
cantilever in the floating mode and the corresponding section analysis. The
line profile in the section analysis is an average of the scans contained between
the two white lines in the MFM image. The floating height from the surface of
the nanocrystal composite film is h = 450 ∼ 600 nm, which is chosen to avoid
crashing the tip into the film. In Fig. 6.3(c), the dark and bright contrast along
the edges of the film represents a phase shift due to the interaction between
the MFM tip and the FePt nanocrystals. The phase shift pattern shows that
the film behaves like a magnetic dipole with field gradients of opposite sign on
opposite edges.
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The spatial resolution of the MFM tip is about ∼30 nm and the film is
composed of many layers of FePt nanocrystals. Therefore, we can see only the
average effect of many FePt nanocrystals. The minimal stable grain size of L10
FePt for a storage time of t ≈ 10 years is 2.8 nm and the estimated magnetic
single domain size in bulk FePt is 340 nm.[73] Consequently, a 6 nm-size L10
FePt nanocrystal must have a single domain structure that is stable at room
temperature. The L10 phase has a uniaxial magnetocrystalline anisotropy with
the easy axis along the c axis.[56] Since the easy axes of the nanocrystals are
randomly oriented, the film behaves as a composite with no average magne-
tocrystalline anisotropy. As a result, the average remanent moment remains
pointed in the direction of the external field that was last applied to saturate
the individual moments. The average remanent moment can be manipulated
to be in any direction, as shown in Fig. 6.3(d)-(f). After magnetizing the
film to the right, the phase shift pattern of the average remanent state was
inverted, as shown in Fig. 6.3(d). When the film was magnetized perpendic-
ular to the surface, either upward or downward, the phase shift patterns also
changed according to the magnetization direction as shown in Fig. 6.3(e) and
(f). When the magnetization direction of the MFM tip was reversed to the
upward direction, all the phase shift patterns in Figs. 6.3(c), (d), (e), and (f)
were also inverted, as expected.
There is no evidence of any domain-wall structure, which is usually
seen on continuous ferromagnetic materials, in Figs. 6.3(c), (d), (e), and (f),
or any of our data. This suggests that the magnetic interactions between
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nanocrystals in the composite film are weak and that the single domains in
the nanocrystals are more affected by the external field and by their individual
magnetocrystalline anisotropy.
6.3 Micromagnetic model
To support this unusual model, we compared the approximate magnetic
energies due to the external field, magnetocrystalline anisotropy, and dipole
interaction, with details given in appendix A. The external field energy (EH=
−m ·Hex) is 1.0×10−11 erg when the external field (Hex) is 8 Tesla. We cal-
culated the magnetic moment (m=1.3×10−16 emu) from the saturation mag-
netization of 1140 emu/cm3[70] and a 6-nm-diameter FePt. The anisotropy
energy (EAN = K·Vsin2θ ) has a maximum value of ∼7.9×10−12 erg given the
anisotropy constant (K) of 7×107 erg/cm3.[61] The dipole interaction energy
is given by ED = -µ
2 [3(m1 · r)(m2 · r)−m1 ·m2]/r3, where µ is the perme-
ability of the medium surrounding the magnetic particles, and m1 , m2 are
the dipole moments of two interacting nanocrystals separated by the vector r.
This dipole interaction energy has a maximum value of 4.8×10−17 erg when
m1 , m2, and r are parallel, and r = 40 nm. Therefore the magnetic anisotropy
energy dominates the dipole interaction in the remanent state. These calcu-
lations also confirm that an 8 Tesla external field can align the directions of
these nanocrystal single domains.
From the X-ray, SQUID, MFM data we have developed a model where
the FePt nanocrystals are randomly oriented and are almost non-interacting
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single domains in the remanent state. Figure 3 illustrates this simple model
of how single domains behave in response to the external field. Figs. 6.4(a),
(b), (c), and (d) describe the state at zero field after applying 8 Tesla to the
left and to the right along the film plane, and in the up and down direction
perpendicular to the film plane, respectively. In Fig. 6.4, the FePt cores in
the nanocrystals have single domains with easy axes indicated by the red and
blue arrows. The FePt nanocrystals with red arrows have their easy axes ori-
ented with a significant component along the film plane, while nanocrystals
with blue arrows have their easy axes closer to the perpendicular to the film
plane. In this model, the red and blue arrows can only reverse direction after
a strong field has been applied, since the magnetocrystalline energy is greater
than the dipole interaction energy. When the 8 Tesla field is applied, it aligns
all of the moments in the direction of the field. When the field is removed, the
magnetization of each nanocrystal relaxes to its easy axis, but since it has two
choices in the direction it will choose the direction that is closest to the applied
field direction. In other words, all the nanocrystals will have a component of
their remanent magnetization along the saturating field that was last applied,
except for the few nanocrystals with easy axes exactly perpendicular to the
saturating applied field. Therefore, the film retains an average remanent mo-
ment in the direction of the original saturating field because it is a composite
with randomly oriented nanocrystals.
In Fig. 6.4(a), when the external field is applied to the left along the
film plane, all the single domains align with their individual moments pointing
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to the left (not shown). After removing the external field, the film retains a
net magnetic moment pointing to the left, as shown in Fig. 6.4(a), where
the horizontal components of all the remanent moments point to the left.
The dashed lines show the phase shift of the cantilever when the MFM tip is
magnetized downward. If there is an attractive force between tip and sample,
the phase shift is negative. A repulsive force gives a positive phase shift.[5][42]
Fig. 6.4(a), (b), (c), and (d) are qualitative explanations for Figs. 6.3(c), (d),
(e), and (f). We also simulated the case shown in Figs. 6.4(b) and (c) using
a 150 × 200 × 50 array of magnetic dipoles, with results displayed in Fig.
6.5. The simulations show qualitatively the same patterns as the experimental
results shown in Figs. 6.3(d) and (e). The details of the MFM profile simulation
are described in appendix B.
6.4 Further confirmation
Thinner films with trenches were also studied. Fig. 6.6(a) shows the
topography of a 900-nm-thick nanocrystal composite film. The MFM tip was
magnetized downward. After magnetizing the film to the left with an 8 Tesla
field, the film was scanned in the floating mode, 650 nm above the film surface.
The result is shown in Fig. 6.6(b). Fig. 6.6(c) is the MFM image obtained using
floating mode (with h = 630 nm) after applying the external field to the right
along the film plane. Like Fig. 6.3(c) and (d), the phase shift was inverted
in Fig. 6.6(b) and (c). We also made a 100-nm-thick film with trenches, as
shown in Fig. 6.6(d). The film was magnetized to the left along the film plane
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and then scanned using floating mode (h = 490 nm) with a tip magnetized
upward. The result is shown Fig. 6.6(e). Fig. 6.6(f) is an MFM image obtained
in floating mode (h = 450nm) with a tip magnetized downward. In the case of
the 100-nm-thick film, we averaged more lines than with the thicker films and
used a high moment MFM tip (MESP-HM from Veeco, coated with CoCr) to
increase the signal-to-noise ratio. Even though the MFM images are noisy, the
inversion in the phase shift pattern was evident when the tip magnetization
direction was reversed. Therefore, the behavior of the 100-nm-thick film is
consistent with the thicker films and the model presented here.
6.5 Summary
In summary, 6-nm-diameter FePt nanocrystals were synthesized and
coated with a ∼17-nm-thick silica shell. Annealing under hydrogen at 700◦C
for 30 min transformed the nanocrystals into the L10 ferromagnetic phase with
a coercivity of 5 kOe at room temperature. From SQUID magnetometry and
MFM studies, we conclude that the FePt nanocrystals in the remanent state
behave as nearly non-interacting single domains. The silica coating prevents
sintering of the magnetic nanocrystals and maintains a consistent average in-
terparticle spacing in the composite that is large enough to nearly eliminate
dipole coupling between neighboring particles. Furthermore, since L10 FePt
has a high magnetocrystalline anisotropy, the composite film can be perma-
nently magnetized at room temperature, even though the magnetic particle
size is well below the characteristic magnetic domain size in bulk FePt. This
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is not possible with nanocrystals in the same size range made from softer mag-
netic materials like Co and Fe due to the superparamagnetic effect. When the
external field direction was changed, the magnetization directions of the indi-
vidual particles also changed direction. While these rather thick nanocrystal
films are not useful for magnetic data storage, monolayer or few-layer films are
an interesting possibility for such applications. Our study is one step towards
understanding the micromagnetic properties of these nanocrystals. These sin-
gle domain nanoparticles have advantages over continuous metal films used
in current technology. First, FePt has high magnetocrystalline anisotropy,
and second, the distance between two contiguous bits can be reduced to a
nanoparticle diameter.
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Figure 6.3: (a) Topography of a part of an island in a 2.5 µm-thick film. The
tip can be magnetized upward or downward. (b) Schematic of the floating
mode used to obtain the data, where h is the distance above the film surface.
(c), (d), (e), and (f) show the phase shift of the oscillating cantilever in the
floating mode, and the corresponding section analysis, obtained at zero field
after applying 8 Tesla to the left and to the right along the film plane, and up
and down in the direction perpendicular to the film plane, respectively. The
line profile in the section analysis is the average between two horizontal white
lines in the MFM image.
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Figure 6.4: Model of single domain behavior in an external field. (a), (b), (c),
and (d) illustrate remanent states after applying 8 T to the left and to the
right along the film plane, and up and down in the direction perpendicular
to the film plane, respectively. The FePt nanocrystals with red arrows have
easy axis closer to the film plane and nanocrystals with blue arrows have easy
axis closer to the perpendicular to the film plane. In this model, red and
blue arrows cannot rotate in the remanent state, but can only flip, since the
magnetocrystalline energy is greater than the dipole interaction energy. The
black dashed lines show the phase shift of the cantilever when the MFM tip is
magnetized downward.
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Figure 6.5: MFM phase shift as a function of distance calculated numerically
using a 150 × 200 × 50 array of magnetic dipoles. In (a) the saturating field
was applied to the left and in (b) in the upward direction, perpendicular to
the film. The peaks and dips at 3 µm are in qualitative agreement with the
expected profile in Figs. 6.4(b) and (c) and the experimental results in Figs.
6.3(d) and (e). The details of the MFM profile simulation are described in
appendix B.
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Figure 6.6: (a) Topography of a trench in a 900-nm-thick film composed of
single domain nanocrystals. MFM image of the area shown in (a) obtained
with a downward-magnetized MFM tip with the film in the remanent state
after applying 8 T in the direction to the left (b) or to the right (c) along the
film plane. (d) Topography of a trench in a 100-nm-thick film composed of
single domain nanocrystals. MFM images of the remanent state of the area
shown in (d) after applying 8 T in the direction to the left along the film plane,





Magnetic Energies in a FePt Nanocrystal
For a FePt core with a diameter of 6 nm, using the saturation magne-
tization value of bulk FePt, namely 1140 emu/cc [45]:
m = 1140(emu/cc)×(4π/3)×(3×10−7cm)3 = 1.3 ×10−16 emu = 1.3 ×10−19
Am2
For a silica sphere with a diameter of 39 nm at 5 Tesla:
m = 29.6 ×10−6 ( emu/g Oe) ×(4π/3)×(19.5×10−7cm)3 ×(2.6
g/cc)×(50,000 Oe)= 1.2 ×10−20 emu
Therefore the silica shell has a negligible saturation magnetic moment.
Calculation of the external field energy (EH) at 8 Tesla
From above, m = 1.3×10−16 emu
EH = −m·Hex= (1.3×10−16) ×(8×104) = 1.0×10−11 erg
Calculation of the anisotropy energy (EAN)
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We used an anisotropy constant K = 7×107 erg/cc [45] and θ = π/2.
EAN = K×V×sin2θ = (7×107 erg/cc)×(113×10−21 cc) = 7.9 ×10−12 erg
Calculation of the dipole interaction energy (ED)
Mass susceptibility of silica = −29.6×10−6 emu/g Oe
Volume susceptibility χ = −29.6×10−6 (emu/g Oe) × (density of silica) =
-29.6× 10−6 (emu/g Oe)×(2g/cc) ≈ 5×10−5 emu/cc, therefore µ = 1 + 4πχ
≈ 1.
ED = −µ2 [3(m1 · r)(m2 · r)−m1 ·m2]/r3
Maximum of ED = µ
2 [2(m1 ·m1)]/r3 = 2× (1.3×10−16emu) ×(1.3×10−16
emu)/ (39nm)3 = 2×(1.69×10−32) / (5.9×10−17 cc) = 5.7×10−17 erg
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Appendix B
Simulation of the MFM Profile
We simulate the MFM signal from a FePt nanocrystal composite film.
Our model is a 150 × 200 × 50 array of magnetic dipoles with dimensions of
6µm × 8µm × 1µm. The unit cell of the array is 40nmx̂ + 40nmŷ − 20nmẑ.
The FePt point dipoles are located at each lattice point with random directions
of their uniaxial anisotropy. The total stray field B from the film will be the













where µ0 is the permeability of vacuum, r = xx̂ +yŷ +zẑ is the position
where the field is evaluated, rijk= (3µm +i·40nm)x̂ + j·40nmŷ − k·20nmẑ
and mijk= MFePt(αijkx̂ + βijkŷ + γijkẑ), where i, j, k are integers ( 1≤i≤150,
1≤j≤200, 1≤k≤50). MFePt is the amplitude of magnetic moment for a 6 nm-
size FePt nanocrystal and αijk, βijk and γijk are the direction cosines of the
magnetic moment mijk with respect to x, y, z axes.
We consider the MFM tip as a point dipole moment. The direction of















where Q and k are the quality factor and spring constant of the can-
tilever, respectively, F is magnetic force that the film exerts on the tip, and
mtip is the magnitude of the tip moment.
The αijk, βijk and γijk are generated by a random number generator and
then normalized. We take the absolute value of αijk to simulate a remanent
state after applying 8 Tesla field along the positive x direction. We set the
’floating height’ as 400nm, so r will trace the line between −7µmx̂ + 4µmŷ +
0.4µmẑ and 7µmx̂ + 4µmŷ + 0.4µmẑ, as shown in Fig. B.1. We first calculate
the z component of B, namely Bz , at z0 = 400nm, z1 = 400nm − ∆z and
z2 = 400nm − 2∆z. Then the second derivative of Bz with respect z can be
calculated by
We set the effective MFM tip’s moment (mtip) as 3.7×10−15 Am2, as
in ref.[60], although this only changes the magnitude of the result and not
the patterns obtained. Typical values of Q and k are used[34] (200 and 2N/m,
respectively) and MFePt = 1.3×10−15 Am2 was estimated from the nanocrystal
size and the magnetic moment of bulk FePt.
The simulated MFM phase shift profiles shown in Fig. B.2(a) and (b)
are qualitatively the same as the experimental results in Figs. 6.4(d) and (e)
in the manuscript. The fluctuations in the MFM phase profile between the
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ends of the film are probably due to the finite size of the simulation. This is
supported by running the program with a different set of random numbers,
which changes these fluctuations but leaves unchanged the important peak/dip
structures at the ends of the film. The overall magnitude of the phase shift
is smaller than the experimental value, but this is reasonable given that the
simulation is for a thinner film (1.0 µm vs. 2.5 µm for the experiment) and
the uncertainty in some parameters such as k or the tip’s moment.
Figure B.1: (a) Side view of the path followed by the MFM tip. The tip is
magnetized upward. (b) Top view of the MFM tip path. A point dipole is
located at each 40nm × 40nm × 20nm cell in the 6 µm × 8 µm × 1 µm size
film.
Fig. B.3 shows that the important features, namely the peaks and dips
at the edge of the film, are insensitive to details of the model such as the
random sequence used, the choice of body centered or rectangular structure
for the packing of the nanocrystals, or using random cosine angles or random
angles for their orientations. The smaller peaks and dips above the middle
of the film do depend on these details. The most likely explanation for this
sensitivity is that the MFM tip was modeled as a point dipole, which has
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infinite spatial resolution. The actual MFM tip is a spatially distributed single
dipole at best, or a superposition of such dipoles.
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Figure B.2: MFM phase shift as a function of distance calculated numerically
using a 150 × 200 × 50 array of magnetic dipoles. In (a) the saturating field
was applied to the left and in (b) in the upward direction, perpendicular to
the film. The peaks and dips at 3 µm are in qualitative agreement with the
expected profile in Figs. 6.4(b) and (c) and the experimental results in Figs.
6.3(d) and (e).
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Figure B.3: Comparison of one-dimensional MFM phase shift simulations re-
sulting from the remanent state of an island film after applying 8 Tesla field in
the positive x direction with the conditions of (a) different random sequences
for determining the orientations of the nanocrystal domains, (b) body centered
cubic and simple rectangular structure, and (c) random angle and random co-




Resistance measurement of FePt nanocrystals
In chapter 6, we studied the 6-nm size FePt nanocrystals and showed
that the FePt nanocrystal can be a ferromagnet with high coercivity at room
temperature. Therefore, spin-dependent tunneling in nanocrystals can be a
good study topic for FePt nanocrystals. Black et. al already studied spin-
dependent tunneling through Cobalt-Nanocrystals.[74] They made lithograph-
ically patterned tunnel-junction in Fig. C.1(a). Then they deposited a few
layers of 10 nm size Cobalt nanocrystals and annealed them at 400◦C to re-
duce the space between nanocrystals by burning the stabilizer coating. They
showed that the magnetoresistance changes due to changes in the nanocrystal
magnetic moment, as shown in Fig. C.1(b).
C.1 Device Fabrication
The patterned tunnel-junction arrays are fabricated by e-beam lithog-
raphy technique. The lithography device is composed of four steps as shown
in Fig. C.2: (a) Polymethyl methacrylate (PMMA) resist coating and e-beam
exposure, (b) development, (c) metal deposition, and (d) lift-off.
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Figure C.1: (a) SEM image of self-assembled Co-nanocrystal superlattice de-
vice (from Ref. [74]) (b) Magnetoresistance of Co-nanocrystal device at 2K
(from Ref. [74]).
C.1.1 PMMA resist coating and e-beam exposure
Bi-layer of PMMA coating is used to shape an undercut in development
step. To make the first layer, 4.7 g of 38,000 molecular weight PMMA (Across
Organics) is dissolved in 50 ml chlorobenzene (99%, Across Organics) and
then stirred for more than 24 hours with a stirrer bar. The PMMA solution is
dropped on a Silicon on insulator (SOI) wafer film, then spun at 6000 RPM for
60 seconds. The film is baked in an oven at 170◦C for 30 minutes. The second
layer is coated in a similar way, except that 4.7 g of 996,000 molecular weight
PMMA (Aldrich) is dissolved in 100 ml chlorobenzene. The pattern in Figs.
C.3(a) and (b) is designed with a pattern editor in a Raith 50 system. The
junction gap size is designed as 150 nm. The bi-layer PMMA film is exposed
to a 20 keV electron beam using the Raith 50. The area dose is about 215
µC/cm2.
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Figure C.2: Electron beam lithography process. (a) PMMA coating and e-
beam exposure. (b) development. (c) metal deposition. (d) lift-off.
C.1.2 Development
The e-beam exposed PMMA is dissolved for 60 seconds in a developer,
which is 1:3 mixture of methyl-isobutyl-ketone (MIBK) and Isopropyl alcohol
(IPA). Sometimes 60 seconds development causes overdevelopment in some
patterns, so the developing time needs to be reduced to 30 seconds. After
developing, the film is rinsed in IPA for 60 seconds.
C.1.3 Metal Deposition
Thermal evaporation and sputtering are used to deposit metal on the
developed film. For the alloy deposition, such as AuPt, sputtering is used.
Mostly Au is deposited and thermal evaporation is used for the Au deposition
as shown in Fig. C.3(c).
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C.1.4 Lift-off
After the metal deposition, the PMMA mask is removed in boiling
acetone. The film is soaked in a beaker filled with acetone and the beaker
is indirectly heated in a water-filled flask. The film is soaked for 7 minutes
then gently shaken for 5 minutes. To remove the PMMA residue completely,
the same procedure will be repeated three times. Then the film is rinsed in
boiling IPA. In case of Au coating, the bonding force on a SOI wafer is weak,
so sonication or pipette blowing should be avoided.
Figure C.3: (a) and (b) Schematic diagram of e-beam exposure area generated
by Raith 50. (c) AFM image of after lift-off.
C.2 Sample Preparation
The 6nm size FePt nanocrystals are synthesized as explained in chapter
6, then drop-casted onto AuPt tunnel junction arrays. Then the sample is
annealed in a quartz tube furnace with a forming gas (93% N2/ 7% H2) at
different temperatures for 30 minutes.
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C.3 Resistance Measurement of FePt Nanocrystals
After annealing, the sample is attached on a 28-pin chip carrier (Spec-
trum, LCC02834). Then each metal tunnel junction on the SOI wafer is con-
nected to an Au-plated pad on the chip carrier with an Al bonding wire using
an ultrasonic bonder (West Bond, 7476D). As shown in Fig. C.4, the applied
voltage is usually ramped from -100mV to 100mV using data acquisition card
( National Instruments, NIDAQ 831) across nanocrystals. The tunneling cur-
rent is amplified by a current amplifier (Keithley, 428 current amplifier). The
amplified signal is then read by the ADC of the data acquisition card. All the
output and input voltages are recorded by a LabVIEW program.
Figure C.4: Schematic diagram of measurement setup.
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C.4 Summary
It was hard to control the stabilizer length with the annealing process.
The measured resistances were either infinite or a few hundred ohms. So we
tried ligand exchange to reduce the spacing between nanocrystals.[75] The Fig.
C.5(a) is a TEM image, obtained with original FePt nanocrystals. The Fig.
C.5(b) is a TEM image, taken after ligand exchange with octane thiol. Even
after ligand exchange, the measured resistance is about 10∼25 GΩ. These
values are still big since we need to measure a resistance around 4 K. If we
do not anneal the FePt Nanocrystals, the Curie temperature is about 20 K.
The resistance will increase by one order if we lower the temperature to 4
K. Therefore we need to find another way to increase the resistance of FePt
nanocrystals in-between tunnel junctions.
Figure C.5: TEM images of 6nm size FePt nanocrystals with oleylamine and
oleic acid ligand (a) and with octanethiol (b).
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